Rac1 form a complex, and that RILPL2 is able to induce activation of Rac1 and its target, p21-activated kinase (Pak). Notably, both RILPL2-mediated morphological changes and activation of Rac1-Pak signaling were blocked by expression of a truncated tail form of MyoVa or MyoVa shRNA, demonstrating that MyoVa is crucial for proper RILPL2 function. This might represent a novel mechanism linking RILPL2, the motor protein MyoVa and Rac1 with neuronal structure and function.
Introduction
Throughout development, cells differentiate and undergo cytoskeletal and membrane rearrangements to establish a distinct morphology, specific for their physiological function. One of the most complex morphologies is exhibited by neurons, which typically extend one long axon housing the molecular machinery for releasing signals for neuronal transmission, as well as numerous, relatively shorter dendrites containing neurotransmitter receptors for receiving signals. These dendrites are the processes from where dendritic filopodia and spines emerge. These dendritic protrusions are thought to serve different purposes. Filopodia, thought to be immature spines, might serve an exploratory role to identify presynaptic partners. Dendritic spines are bulbous protrusions that contain the postsynaptic density (PSD), a structure that has been implicated in the composition, function and plasticity of glutamatergic synapses (Harris and Kater, 1994; Kim and Sheng, 2004; Matus, 2000; Yuste and Bonhoeffer, 2004) .
The actin cytoskeleton plays an important role in the formation and maintenance of all of these structures; however, despite intense research, the mechanisms that control actin dynamics in neurons have yet to be fully understood.
Members of the Rho family of small GTPases, including Rac1, Cdc42 and RhoA, are important regulators of the actin cytoskeleton (Hall, 1998; Hall and Nobes, 2000) . In neurons, Rho GTPases play a pivotal role in various developmental and maintenance processes, including cell migration, cell polarity, axon growth and guidance, dendrite elaboration and maintenance, as well as in the formation and plasticity of dendritic spines and synapses (Arimura and Kaibuchi, 2007; Linseman and Loucks, 2008; Luo, 2002; Newey et al., 2005; Tada and Sheng, 2006) . A growing body of evidence indicates that Rac is particularly crucial for the formation, maintenance and structural plasticity of the dendritic spine (de Curtis, 2008; . For instance, overexpression of Rac in young dissociated hippocampal neurons is sufficient to induce the formation of spines (Wiens et al., 2005) , whereas expression of a dominant-negative (DN) Rac in rat hippocampal slices results in a progressive elimination of dendritic spines . The activity of small GTPases such as Rac1 is directly modulated by guanine-nucleotide exchange factors (GEFs) that promote the formation of active GTP-bound Rac1, and GTPase-activating proteins (GAPs) that promote the hydrolysis of GTP and increase levels of inactive, GDP-bound Rac1 (Van Aelst and Cline, 2004) . Following its activation, GTP-bound Rac1 activates downstream targets that are involved in spine morphogenesis, such as p21-activated kinase (Pak), which regulates dendritic-spine density and length by regulating effectors of actin polymerization (Bagrodia and Cerione, 1999; Hayashi et al., 2007; Hayashi et al., 2004) .
Besides its crucial role in dendritic-spine morphogenesis and structural plasticity (Carlisle and Kennedy, 2005; Cingolani and Goda, 2008; Luo, 2002; Matus, 2000) , the actin cytoskeleton also acts as a track for transport mediated by actin-based motor proteins Neuronal morphology plays an essential role in neuronal function. The establishment and maintenance of neuronal morphology is intimately linked to the actin cytoskeleton; however, the molecular mechanisms that regulate changes in neuronal morphology are poorly understood. Here we identify a novel myosin-Va (MyoVa)-interacting protein, RILPL2, which regulates cellular morphology. Overexpression of this protein in young or mature hippocampal neurons results in an increase in the number of spine-like protrusions. By contrast, knockdown of endogenous RILPL2 in neurons by short hairpin RNA (shRNA) interference results in reduced spine-like protrusions, a phenotype rescued by overexpression of an shRNA-insensitive RILPL2 mutant, suggesting a role for RILPL2 in both the establishment and maintenance of dendritic spines. Interestingly, we demonstrate that RILPL2 and the Rho GTPase of the myosin family. Recent studies have implicated myosin-V isoforms in trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)-type glutamate receptors and in the delivery of mRNA-protein complexes within dendrites and dendritic spines in hippocampal neurons (Correia et al., 2008; Lise et al., 2006; Wang et al., 2008; Yoshimura et al., 2006) . These studies suggest a crucial role for myosin-V in trafficking events required for proper neuronal function and plasticity; however, the identity of neuronal cargos transported by myosin-V-family members remains largely unknown. Also unclear is whether myosin-V, in addition to its role in local transport events within the dendritic-spine compartment, plays a role in the regulation of the actin cytoskeleton during neuronal development and maturation.
In this study, we identify RILP-like protein 2 (RILPL2) as a novel myosin-Va (MyoVa)-interacting protein. RILPL2 is related to Rabinteracting lysosomal protein (RILP) (Wang et al., 2004 ) -a downstream effector of the small GTPase Rab7, which regulates the morphology of lysosomal and late-endosomal compartments (Cantalupo et al., 2001; Jordens et al., 2001; Progida et al., 2007) . In contrast to RILP, RILPL2 lacks the Rab7-interacting region, and ectopic expression of RILPL2 failed to alter lysosomal-compartment morphology (Wang et al., 2004) . To date, the cellular function of RILPL2 has remained unknown. Here we uncover a novel role for RILPL2 in the regulation of cellular shape, particularly dendriticspine morphogenesis in developing neurons. We also reveal that RILPL2-mediated morphological changes are correlated with activation of Rac1-Pak signaling. Disruption of RILPL2 interaction with MyoVa, using truncated RILPL2 mutant forms, or loss of MyoVa function abrogated RILPL2-mediated effects and Rac1 activation, suggesting that proper MyoVa-mediated trafficking is crucial for the proper functioning of RILPL2. Overall, we reveal a novel and intriguing mechanism involving RILPL2, the actinbased motor MyoVa and Rac1 for the regulation of neuronal morphogenesis.
Results

Identification of RILPL2 as a novel MyoVa-interacting protein
To identify novel MyoVa binding partners in the brain, we performed a yeast two-hybrid screen of a rat brain cDNA library with MyoVa C-terminal (MyoVa-CT) tail region as bait. This region encompasses the MyoVa proximal, medial and globular tail regions, the latter containing the cargo-binding domain (Fig. 1A) . One of the proteins isolated from our screen was a small protein of 197 residues, previously identified as RILPL2 (Wang et al., 2004) . RILPL2 is related to RILP and RILPL1, on the basis of the presence of two small regions of significant amino acid similarities, referred to as RILP-homology region-1 and -2 (RH1 and RH2, respectively; Fig.  1B ). Overall, RILPL2 shares ~22% and ~32% amino acid identity with RILP and RILPL1, respectively (Wang et al., 2004) . Similar to RILP and RILPL1, RILPL2 is predicted to adopt two a-helical coiled-coil secondary structures, between amino acids 62 and 96, and 121 and 154 (Fig. 1B) (Lupas et al., 1991) . Database searches failed to identify any other conserved structural or functional domains in RILPL2.
Because our original MyoVa yeast two-hybrid bait contained a large portion of the MyoVa tail, we sought to determine more precisely the regions of interaction between MyoVa and RILPL2. We generated MyoVa medial tail (MyoVa-MT) and globular tail (MyoVa-GT) constructs, as well as N-or C-terminally truncated forms of RILPL2 (RILPL2-DNT; RILPL2-DCT) (Fig. 1B) . Yeast two-hybrid analysis revealed that the N-terminal (NT) portion of RILPL2, encompassing amino acid residues 1 to 113, is sufficient for association with the MyoVa-GT region (Fig. 1C) . Coimmunoprecipitation of MyoVa and RILPL2 exogenously expressed in COS-7 cells further confirmed the interaction ( Fig. 1D ; supplementary material Fig. S1 ). Notably, we found that RILPL2 associates with the C-terminal (CT) region of MyoVa, but not MyoVb (Fig. 1D) , a closely related family member also expressed in the brain (Lise et al., 2006; Zhao et al., 1996) . These results reveal a novel and selective interaction of RILPL2 with a member of class-V myosins.
Next, we assessed whether RILPL2 associates with endogenous MyoVa present in the brain. The lack of a commercially available anti-RILPL2 antibody and our unsuccessful attempts to generate specific RILPL2 antiserum prevented us from detecting and (A)Schematic diagram depicting the primary structure and functional domains of the brain-specific isoform of MyoVa, including the predicted coiled-coil (CC) regions, PEST region, the alternatively spliced region and the DIL motif, which is also found in the gene products of Drosophila Canoe and human AF-6 (Ponting, 1995) . Asterisk indicates the Ca 2+ calmodulin-dependent protein kinase II phosphorylation site of MyoVa (Karcher et al., 2001) . (B)Schematic diagram of RILPL2 primary structure with its predicted CC and RILP-homology (RH) regions. The truncated forms of RILPL2 (RILPL2-DCT; RILPL2-DNT) used in this study are shown below. (C)Compiled results of yeast two-hybrid assays showing interaction of the MyoVa globular tail (MyoVb-GT) with RILPL2-DCT, as assayed by HIS3 and b-galactosidase induction.
(D)Co-immunoprecipitation assays from COS-7 cells expressing either HA-RILPL2-FL with either GFP-MyoVa-CT or GFP-MyoVb-CT reveal interaction of RILPL2 with MyoVa-CT but not MyoVb-CT. Left panels show expression of the different constructs in starting lysates. Right panels show co-immunoprecipitates detected with anti-HA or anti-GFP antibodies. (E)Pull-down assays (shown in duplicate) from rat brain tissue extracts using purified GST-RILPL2 or GST alone, as a control, reveal the interaction of RILPL2 with MyoVa. immunoprecipitating endogenous RILPL2. As an alternative, to test RILPL2 association with endogenous MyoVa we performed pulldown assays using purified full-length RILPL2 (RILPL2-FL) fused to glutathione-S-transferase (GST). We found that GST-RILPL2-FL, but not the control GST, associates with endogenous MyoVa (Fig. 1E) . These results suggest that RILPL2 and MyoVa interact in the brain.
RILPL2 transcript is present in the brain and other tissues Previous examination of the expression of the RILPL2 transcript in cDNA panels from multiple human tissues showed the presence RILPL2 in several tissues, including lung, placenta, brain, heart, liver, kidney and pancreas (Wang et al., 2004) . Our reversetranscriptase (RT)-PCR analyses confirmed RILPL2 presence in numerous brain regions from embryonic day 18 (E18) and adult rats, as well as in other tissues, including spleen, liver, kidney and thymus ( Fig. 2A) . In cultured cortical neurons, we found RILPL2 transcript expression to be developmentally regulated, with higher levels of expression achieved between days in vitro (DIV) 8 and DIV14 (Fig. 2B) , a period when MyoVa is also expressed (Bridgman and Elkin, 2000; Espindola et al., 1992) and when neurons undergo intense synapse development .
To further explore the regional distribution of RILPL2 during neuronal development, we performed in situ hybridization on brains of E18 rats. Consistent with our RT-PCR data, RILPL2 transcript was detected in both the hippocampus and cortex at E18 (Fig. 2C-G) . RILPL2 transcript was found throughout the various layers of the developing neocortex, strongly localizing within the marginal zone (MZ) and the transient subplate layer (SPL) (Fig. 2C,E) . In the hippocampus, RILPL2 was predominantly expressed in the developing cornu ammonis (CA) fields, as well as in regions of the dentate gyrus (Fig. 2F,G) . Because the period investigated is one of neurite outgrowth and synaptogenesis, the widespread expression of RILPL2 in these developing regions suggests a possible role in neuronal differentiation and morphogenesis.
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In contrast to the well-documented role of RILP in regulating the morphology of late-endosomal and lysosomal compartments (Cantalupo et al., 2001; Progida et al., 2007; Wang et al., 2004) , the cellular function of RILPL2 has not been characterized. To obtain insights into RILPL2 intracellular targeting and putative cellular function, we transiently expressed HA-tagged full-length RILPL2 (HA-RILPL2-FL) in COS-7 cells. Control COS-7 cells, expressing GFP and/or RFP, typically displayed a fibroblast-like morphology featuring relatively smooth edges and a flat surface ( Fig. 3A; Fig. 4A ). Phalloidin staining showed F-actin in stress fibers and in lamellipodia at the edges of GFP-transfected cells (Fig. 3A) . Interestingly, approximately 45% of the cells expressing HA-RILPL2-FL underwent significant morphological changes, showing an elongated cell body extending one or more long processes, as well as regions with increased lamellipodia enriched in F-actin (Fig. 3B,C) . To characterize the region of RILPL2 necessary for this morphological rearrangement, we expressed truncated forms of RILPL2 and monitored their effects on cellular morphology. Both HA-RILPL2-FL and HA-RILPL2-DCT displayed a diffuse cytoplasmic distribution with some enrichment at membrane ruffles, as shown by immunostaining with an anti-HA antibody (Fig. 3B-D) . Similar to HA-RILPL2-FL, the Cterminally truncated form induced the formation of cellular extensions (Fig. 3D) . By contrast, HA-RILPL2-DNT and HA-RILPL2-DRH1 accumulated as intracellular aggregates and membrane patches at the extremities of the cell, and failed to induce the formation of cellular extensions (Fig. 3E,F) . Taken together, these observations reveal a novel function for RILPL2 in controlling cellular shape, a function that requires its NT RH1 region and proper intracellular localization.
We next investigated whether RILPL2-mediated morphological changes could be prevented by expressing truncated forms of MyoVa or MyoVb, lacking the head motor domain, which have been shown to have a DN effect on MyoV-dependent cargo transport in various cell types (Lapierre et al., 2001; Lise et al., 2006; Rodriguez and Cheney, 2002; Volpicelli et al., 2002; Wu et al., 1998) . Overexpression of GFP-MyoVa-CT or GFP-MyoVb-CT in COS-7 cells led to the formation of numerous bright vesicular accumulations in the perinuclear region as well as throughout the cell (Fig. 4C,D) . Notably, coexpression of GFP-MyoVa-CT with HA-RILPL2-FL resulted in the recruitment and redistribution of RILPL2 to MyoVa-positive vesicular structures (Fig. 4C ). This redistribution of RILPL2 with MyoVa-CT strongly supports an association between the two proteins; however, this accumulation most probably represents mistargeted RILPL2. In contrast to MyoVa-CT, MyoVb-CT failed to recruit RILPL2 (Fig. 4D ). As described above, a significant percentage of HA-RILPL2-FLtransfected cells (45.3±3.2%) showed an altered morphology, characterized by at least one cellular extension, compared with control GFP-and RFP-transfected cells (19.7±2.3%) (Fig. 4E) . Coexpression with GFP-MyoVa-CT blocked the RILPL2-mediated protrusive effect, as shown by a return to control levels (26.6±2.9%) (Fig. 4E ). This effect was specific for MyoVa-CT, because MyoVb-CT did not block the RILPL2-induced phenotype (50.4±4.3%) (Fig.  4E ). This is consistent with our biochemical analysis showing a specific interaction of RILPL2 with MyoVa, but not MyoVb. These results suggest that MyoVa might be required for proper trafficking and localization of RILPL2 and for RILPL2-mediated changes in cell shape.
RILPL2 alters hippocampal dendritic-spine development
The presence of RILPL2 in the brain combined with the observed effects of RILPL2 expression in non-neuronal cells led us to hypothesize that RILPL2 might play a role in neurons, particularly in neuronal morphogenesis. To test this hypothesis, we first evaluated the long-term effects of RILPL2 expression on dendriticspine morphogenesis. Cultured hippocampal neurons were cotransfected at DIV7 with HA-RILPL2-FL or GFP, together with RFP as an unbiased marker to visualize dendritic structures. In transfected neurons, HA-RILPL2-FL was distributed throughout the neuron and showed partial colocalization with endogenous MyoVa (supplementary material Fig. S2 ). Neurons were fixed 12 days after transfection (DIV19) and the effect of RILPL2 expression on spine density was evaluated. At this stage, neurons displayed mostly spines, with very few or no filopodia, as shown in control cells transfected with GFP and RFP ( HA-RILPL2-DCT did not increase the number of spine-like structures. Expression of HA-RILPL2-DCT resulted in a number of spine-like protrusions similar to control levels (29.8±1.8; Fig.  5C ,E), whereas expression of HA-RILPL2-DNT reduced the number of spine-like structures below control levels (18.0±2.3; Fig. 5D ,E), suggesting a DN effect. It should also be noted that approximately 30-50% of neurons transfected with HA-RILPL2-DNT displayed abnormal inclusions in their soma and dendrites similar to those observed in COS-7 cells, whereas the remaining cells showed a diffuse pattern of expression ( Fig. 5D ; and data not shown). To avoid potential problems associated with the health of neurons with abnormal inclusions, we analyzed only RILPL2-DNT-transfected neurons showing a diffuse distribution. Together, these data suggest that RILPL2 plays a role in dendritic-spine morphogenesis.
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Besides the presence of RILPL2 in the somatodendritic compartment and its effects on dendritic-spine morphogenesis, ectopic RILPL2 was also detected within the axon. Notably, we observed abnormally large varicosities along the axons of HA-RILPL2-FL-transfected neurons, compared with GFP control neurons (Fig. 5F,G) . These axonal structures were enriched for the presynaptic marker synaptophysin (Fig. 5I) , indicating a possible HA-RILPL2-FL-mediated enlargement of presynaptic terminals. This observation indicates that RILPL2 might control some aspects of presynaptic morphology or function in addition to its involvement in dendritic morphogenesis.
RILPL2 signals through the small GTPase Rac1
Cellular morphology and protrusive outgrowths in neuronal and non-neuronal cells are known to be controlled by actin cytoskeletal rearrangements (Matus, 2000) . Rho-GTPase proteins, including Rac1, are major regulators of the actin cytoskeleton in both cell types. In non-neuronal cells, Rac1 is known to promote the growth of lamellipodia (Ridley et al., 1992) and, in some cases, formation of neurite-like processes (Kozma et al., 1997; Miyashita et al., 2004) . In neurons, Rac1 is involved in the formation, maintenance and structural plasticity of dendritic spines, as well as in the outgrowth of axons (de Curtis, 2008; Luo, 2002; Penzes et al., 2001a; Penzes et al., 2001b; . Hence, we hypothesized that the effects of RILPL2 on cell morphology might be due, at least in part, to the activation of Rac1. To test this hypothesis, we expressed FL and truncated forms of RILPL2 in COS-7 cells and measured the activation of endogenous Rac1 by affinity isolation of its activated GTP-bound form (Fig.  6A) . We found that the expression of HA-RILPL2-FL significantly increased Rac1 activity compared with control untransfected cells (control: 0.3±0.1-fold; HA-RILPL2-FL: 2.3±0.3-fold bound Rac1 relative to total Rac1). Moreover, we found that the expression of HA-RILPL2-DCT significantly increased Rac1 activity, whereas HA-RILPL2-DNT failed to activate Rac1 (HA-RILPL2-DCT: 2.0±0.2-fold; HA-RILPL2-DNT: 0.6±0.3-fold). Rac1 activation by HA-RILPL2-FL or HA-RILPL2-DCT was blocked by coexpression with GFP-MyoVa-CT, but not with GFP-MyoVb-CT (GFP-MyoVa-CT: 0.9±0.2-fold; GFP-MyoVb-CT: 2.1±0.3-fold). Expression of GFP-MyoV-CT constructs alone had no significant effect on Rac1 activity. On the basis of our observations that GFP-MyoVa-CT alters the subcellular localization of both HA-RILPL2-FL and HA-RILPL2-DCT ( Fig. 4C ; and data not shown), these results indicate that proper trafficking of RILPL2, possibly mediated by MyoVa, is crucial for RILPL2-mediated Rac1 activation. To clarify the link between the RILPL2-induced morphological changes and Rac1 signaling, we assessed the effect of blocking Rac1 function in RILPL2-expressing cells. Coexpression of a DN form of Rac1 (Rac1-T17N) with RILPL2 blocked the formation of cellular elongations (Fig. 6B,C) , suggesting that the effects of RILPL2 are mediated, at least in part, through Rac1 signaling.
We then investigated whether RILPL2 could activate Rac1 in neurons. Pak is a major downstream effector of Rac1 and has been implicated in spine morphogenesis (Bagrodia and Cerione, 1999; Hayashi et al., 2007; Hayashi et al., 2004) . Binding between Rac1 and Pak causes activation and autophosphorylation of Pak; hence, Pak phosphorylation can be used as a measure of Rac1 activation in neurons (Xie et al., 2008) . We examined endogenous levels of )Staining with the presynaptic marker synaptophysin (Syn) shows that RILPL2-induced axonal varicosities might correspond to enlarged synaptic terminals that are enriched for Syn (arrowheads in H and I). Scale bars: 5m (A-D); 10m (F-I). RILPL2 regulates neuronal morphology phosphorylated Pak (Pak-P) in neurons transfected with HA-RILPL2-FL, or GFP as a control. RILPL2 overexpression resulted in a significant increase in dendritic Pak-P immunoreactivity (HA-RILPL2-FL: 150.2±14.3%) compared with control (GFP: 100.0±9.6%), suggesting that RILPL2 activates the Rac1-Pak signaling pathway to mediate changes in cell morphology (Fig. 6D,E) . We further tested whether RILPL2 could associate with endogenous Rac1 by conducting pull-down assays from rat brain lysates, and found that Rac1 bound to GST-RILPL2-FL, but not to GST alone (Fig. 6F) . MyoVa was also found associated with GST-RILPL2-FL, whereas a negative control, the AMPA-type glutamate receptor subunit GluR2, was absent. This data suggest that RILPL2 can associate with MyoVa and Rac1 in the brain, possibly forming a tripartite complex. Alternatively, it is also possible that RILPL2 forms independent binary complexes with each protein. Indeed, it is worth noting that our coimmunoprecipitation experiments failed to show association of RILPL2, MyoVa or RILPL-MyoVa with endogenous Rac1 present in COS-7 cells (supplementary material Fig. S3 ). However, we cannot rule out the possibility that RILPL2 or RILPL2-MyoVa association with Rac1 might require active Rac1, or an unknown adaptor protein that might be absent in COS-7 cells. Another possibility is that the interaction might be too transient within the cell to be detected or be labile in the experimental conditions tested.
Knockdown of RILPL2 or MyoVa results in a reduction of dendritic spines
To further examine the effect of RILPL2 on spine development, we used shRNAs to specifically interfere with the expression of rat RILPL2. The efficiency of our shRNA was first tested in COS-7 cells and we found that two of our RILPL2 shRNAs (shRNA-493 and shRNA-496) significantly reduced the expression levels of rat GFP-RILPL2-FL (supplementary material Fig. S4) . Expression of the related transcripts, rat RILPL1 or mouse RILPL2 (HA-RILPL2-res), both of which have significant sequence divergence from the rat RILPL2 at the shRNA-recognition sites, was unaltered by the RILPL2 shRNAs ( Fig. 7B; supplementary material Fig. S4 ), indicating the specificity of the RILPLP2 shRNAs for rat RILPL2. The highest knockdown efficiency was demonstrated by shRNA-496, which was used for the subsequent experiments. Lack of anti-RILPL2 antibody prevented us from testing the potency of our shRNAs for depleting endogenous RILPL2 in cultured neurons. As an alternative, we confirmed that ectopic expression of rat GFP-RILPL2-FL was significantly reduced by RILPL2 shRNA in neurons (supplementary material Fig. S4) .
We assessed the effects of endogenous RILPL2 knockdown by transfecting young hippocampal neurons (DIV10) and allowing the shRNA constructs to express for 5 days prior to fixation and immunostaining. As expected, these younger neurons (DIV15) displayed a lower basal number of spine-like structures compared with older neurons (DIV19) (Fig. 5) . Consistent with our results in DIV19 hippocampal neurons, expression of HA-RILPL2-FL significantly increased the number of spine-like structures by ~30-40% (Fig. 7B,G) . By contrast, loss of RILPL2 resulted in a significant reduction in the number of spine-like structures, compared with control shRNA (HA-RILPL2-FL: 23.6±1.1; RILPL2 shRNA: 12.3±0.6; control shRNA: 16.3±0.7) (Fig. 7B,C,G) . We also observed a decrease in Pak activation in RILPL2-shRNAtransfected neurons (supplementary material Fig. S5) . A modest increase in the number of filopodia per neuron upon expression of RILPL2 shRNA was observed, suggesting that some filopodia might have failed to transform into spines and/or spines were destabilized under these conditions (Fig. 7C,H) . The effect of RILPL2 shRNA was rescued by overexpression of HA-RILPL2-res, as the number of spine-like structures in shRNA neurons coexpressing HA-RILPL2-res was restored to control levels (RILPL2 shRNA + HA-RILPL2-res: 18.1±01.3) (Fig. 7D,G) . Overall, these loss-offunction data provide further evidence that RILPL2 plays a role in dendritic-spine formation and maintenance.
As described above, we have shown that RILPL2-induced morphological changes can be abrogated with the expression of a DN form of MyoVa. To examine whether reducing MyoVa activity in neurons would have a similar effect, we used a previously characterized shRNA against rat MyoVa to decrease its expression (Correia et al., 2008) . At 5 days after transfection, hippocampal neurons exhibited a loss of spines, similar to the loss observed with a reduction in RILPL2 expression (MyoVa shRNA: 7.2±1.1) (Fig.  7E,G) . In addition, MyoVa-shRNA-transfected neurons showed a similar decrease of Pak activation as observed upon reduced RILPL2 expression (supplementary material Fig. S5 ). Although no obvious change in exogenous RILPL2 distribution (perinuclear accumulation or shaft vs spine localization) was detected in the absence MyoVa, neurons coexpressing MyoVa shRNA and RILPL2 also failed to develop spines (MyoVa shRNA + HA-RILPL2-res: 4.5±1.0) (Fig. 7F,G) . These data indicate that proper MyoVa function is required for normal RILPL2 function, Rac1-Pak signaling and spine formation.
Expression of RILPL2 in neurons at early stages of development reduces axonal outgrowth
In addition to its role in dendritic-spine development, Rac1 has been implicated in early events of neuronal development, including dendritic and axonal outgrowth (de Curtis, 2008; Koh, 2006) . On the basis of the ability of RILPL2 to activate Rac1 and the presence of RILPL2 transcript as early as E18, we hypothesized that RILPL2 might play a role in neuronal morphogenesis in early developmental stages. To test this hypothesis, GFP or HA-RILPL2-FL cDNA was electroporated into hippocampal neurons immediately after dissociation (DIV0) and neuronal morphology was examined 72 hours later, when neurons had developed easily discernible dendrites and typically one clear axon. Surprisingly, we observed a decrease in the average length of the longest neurite in neurons expressing HA-RILPL2-FL, as compared with GFP control cells (Fig. 8A,B) . More detailed quantification of morphological changes using antibodies against the axonal protein Tau or the dendritic microtubule-associate-protein 2 (MAP2), revealed that HA-RILPL2-FL specifically reduced total axonal outgrowth with no effect on overall outgrowth or branching of dendrites, as compared with control (control shRNA: 70.0±4.5; control shRNA + HA-RILPL2-FL: 51.7±4.7) (Fig. 8C,D,F,G) . By contrast, knockdown of RILPL2 at this stage had no significant effect on either axonal or dendritic outgrowth (RILPL2 shRNA: 70.5±4.9) (Fig. 8E-G) . Combined, these data indicate that, although overexpression of RILPL2 impedes axonal outgrowth in young neurons, RILPL2 is not crucial for neurite morphogenesis early in development.
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Discussion
In the present work, we identified RILPL2 as a novel interacting partner for the actin-based molecular motor MyoVa, and report a novel role for RILPL2 in controlling neuronal morphogenesis. Using a combination of yeast two-hybrid and biochemical assays, we determined that the RILPL2-MyoVa interaction occurs via the Nterminal region of RILPL2 and the MyoVa globular tail. Expression of RILPL2 in non-neuronal cells resulted in a change in cell shape. In both young and mature neurons, manipulation of RILPL2 expression altered the formation and maintenance of dendritic spines. We also showed that the observed effects of RILPL2 expression correlated with increased activity of the small GTPase Rac1, as well as phosphorylation of the Rac1 downstream substrate Pak. Furthermore, we provide evidence that functional MyoVa is required for RILPL2-mediated effects. These combined results uncover a novel role for RILPL2 in the regulation of cellular shape and dendritic-spine morphogenesis, probably via the Rac1-Pak pathway. The ability of RILPL2 to trigger changes in cellular morphology and to activate Rac1 is particularly intriguing, because it suggests a different function for RILPL2 compared with its related protein RILP, known to regulate trafficking and morphology of late endosomes and lysosomes through distinct interactions with Rab7 and the microtubule motor dynein (Cantalupo et al., 2001; Jordens et al., 2001; Progida et al., 2007) . Consistent with differential cellular functions for RILPL2 and RILP, Wang et al. reported the inability of RILPL2 to affect the morphology and distribution of lysosomes (Wang et al., 2004) . Here, we provide several lines of evidence for a novel role for RILPL2 in the control of some aspects of cellular morphogenesis, probably mediated through Rac1 signaling, which regulates the actin cytoskeleton. First, expression of RILPL2 in nonneuronal cells resulted in the formation of cellular extensions and, to a lesser extent, membrane ruffles. Second, this remodeling was accompanied by increased Rac1 activity and is consistent with previously reported phenotypes associated with Rac (Kozma et al., 1997; Miyashita et al., 2004; Ridley et al., 1992) . Both RILPL2-mediated morphological changes and Rac1 activation were blocked by the expression of a truncated tail version of MyoVa, which sequesters RILPL2 in vesicular compartments. In addition, expression of a DN Rac1 mutant similarly blocked RILPL2-induced phenotypic changes. Finally, overexpression of RILPL2 in developing neurons increased the levels of the Rac1 effector, Pak-P and the number of dendritic-spine-like structures, whereas RILPL2 knockdown had opposite effects. This is consistent with the reported roles of Rac and Pak in neurons as positive regulators of dendriticspine development (Bagrodia and Cerione, 1999; de Curtis, 2008; Hayashi et al., 2007; Hayashi et al., 2004; . Together, these data suggest that RILPL2-mediated effects on cell morphology are mediated, at least in part, through the Rac1-Pak signaling pathway.
Expression of RILPL2 at early developmental stages (DIV0-DIV3) resulted in reduced axonal elongation, with no significant effect on dendritic outgrowth or arborization. This result seems counterintuitive, because Rac is generally considered as a positive regulator of neurite outgrowth (Luo, 2000; Luo, 2002; Negishi and Katoh, 2005; Van Aelst and Cline, 2004; Watabe-Uchida et al., 2006) . One possibility for the observed phenotype is the sequestering by RILPL2 of Rac11 (or a Rac1 GEF) that would normally be required for elongation of axons, resulting in a reduction in axonal length. However, other studies have reported the involvement of Rac in growth-cone collapse (Jin and Strittmatter, 1997; Vastrik et al., 1999) and in the selective blockade of axonal outgrowth (both initiation and elongation), without affecting dendrite growth, suggesting that Rac can also act as a negative regulator of axon outgrowth (Luo et al., 1996; Luo et al., 1994; Penzes et al., 2001b) . Thus, another possibility is that RILPL2 expression during this specific developmental time window locally activated Rac signaling in the growth cone, resulting in a reduction in axonal outgrowth. In contrast to our expectations, shRNA-mediated knockdown of RILPL2 at this developmental stage did not facilitate axonal elongation, suggesting that, although RILPL2 overexpression is deleterious for axon elongation, endogenous RILPL2 is not essential for normal neuritogenesis at early development stages.
Our pull-down data from brain lysates support a novel interaction between RILPL2 and Rac1 that might underlie activation of the Rac1-Pak pathway. However, the mechanism of activation of Rac1 signaling by RILPL2 remains unclear. RILPL2 does not have a Dblhomology (DH) domain, the common motif that mediates nucleotide exchange that is shared by the classical GEFs for Rho GTPases (Cerione and Zheng, 1996) . Therefore, it seems unlikely that RILPL2 is a Rac GEF that directly activates Rac1. One possible scenario is that the protein complex containing RILPL2 and Rac1 might also recruit a Rac GEF or another protein that facilitates activation of the small GTPase, therefore resulting in indirect activation of Rac1 by RILPL2 (see model in supplementary material Fig. S6) . Further studies will have to be performed to test this hypothesis.
Our analyses of truncated forms of RILPL2 suggest that the Nterminal portion of RILPL2 plays a crucial role in its function, because deletion of this portion abrogates the ability of RILPL2 to associate with MyoVa, activate Rac1 and stimulate the formation of cellular extensions. However, whereas expression of the RILPL2 N-terminal region alone is sufficient for induction of morphological changes and Rac1 activation in COS-7 cells, it is not sufficient to increase spine formation, suggesting that the RILPL2 C-terminal Quantitative analysis of the length of the longest process on a given cell reveals an increase in the percentage of neurons displaying a longest process between 0 and 30m upon RILPL2 expression. (C-E)Expression of HA-RILPL2-res blocks axonal outgrowth, without affecting dendritic growth, whereas RILP2 shRNA does not alter process outgrowth. Axons (arrowheads) were labeled using anti-Tau antibody. (F,G)Graphs show quantification of the average length (F) and the average number of primary and secondary Taupositive and Tau-negative processes (G). Data represent means ± s.e.m. **P<0.01. ns, not significant. Scale bars: 5m. region is also important for RILPL2 function, at least in neurons. By contrast, expression of the RILP2 C-terminal region alone seems to have a DN effect, resulting in a decrease in the number of dendritic-spine-like structures formed to below control levels. Thus, distinct regions seem to be functionally important for RILPL2 activity, possibly through associations with specific proteins within a complex.
The molecular mechanisms that underlie cellular morphogenesis include both cytoskeletal remodeling and membrane trafficking. The ability of RILPL2 to activate Rac1 suggests a function in cytoskeletal remodeling; however, we cannot rule out the possibility that RILPL2 might be implicated in membrane trafficking events as well. Consistent with this idea is our initial finding that RILPL2 interacts with the actin-based motor protein MyoVa, which is involved in the trafficking of membrane organelles in several cells types (Bridgman, 2004; Desnos et al., 2007) . In neurons, there is increasing evidence that MyoVa acts as a Ca 2+ -sensor to control the activity-dependent delivery of cargos from the dendritic shaft to the spine compartment (Correia et al., 2008; Dekker-Ohno et al., 1996; Petralia et al., 2001; Wang et al., 2008; Yoshimura et al., 2006) . The recently reported association of MyoVa with Rab11 (Correia et al., 2008; Roland et al., 2009 ), a small GTPase associated with recycling endosomes and implicated in neurite formation (Shirane and Nakayama, 2006) and plasticity-dependent dendriticspine growth (Park et al., 2004; Park et al., 2006; Wang et al., 2008) , might provide a mechanistic link between RILPL2, MyoVamediated trafficking and membrane remodeling associated with cell shape and spine morphology.
We used an shRNA approach to knock down endogenous MyoVa levels. This resulted in a loss of dendritic-like protrusions. Interestingly, this phenotype was not observed in previous studies that employed RNA interference or DN approaches to reduce the levels of functional MyoVa (Correia et al., 2008; Yoshimura et al., 2006) . One possible explanation for the discrepancies between the observations of this study and previous studies is the duration of MyoVa inhibition. In the previous studies, shRNA and DN constructs were expressed for relatively short periods of time, from 14 hours to 2.5 days (Correia et al., 2008; Yoshimura et al., 2006 ). In the current study, MyoVa shRNA constructs were expressed for 5 days before dendritic-spine-like numbers were assayed. This might have reduced MyoVa levels to a critical threshold required to induce spine loss that might not have been reached previously. It is of note that overexpression of RILPL2 in MyoVa-shRNA-expressing cells was not able to rescue this phenotype, suggesting that MyoVa is crucial for RILPL2-mediated effects on dendritic spines. Furthermore, because MyoVa interacts with other factors that control dendritic-spine morphology, notably the small GTPase Rab11 (Correia et al., 2008; Park et al., 2006; Roland et al., 2009) , it is entirely possible that overexpression of RILPL2 alone would not rescue the phenotype induced by MyoVa knockdown.
In this study, we focused our investigation on the function of RILPL2 in neuronal cells; however, the presence of RILPL2 in other tissues, notably in the immune system, suggests a role for RILPL2 in other organs. In this regard, it is worth noting that the human homolog of RILP2 has been suggested to be a binding partner for p40-phox (NCF4) (Futoshi Kuribayashi, Tetsuro Ago and Hideki Sumimoto, Department of Biochemistry, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan, unpublished observations), a protein that is part of the nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) enzymatic complex, which is responsible for the production of superoxide within cells Journal of Cell Science 122 (20) (Wientjes and Segal, 1995) . Although this complex has been most studied in macrophages and neutrophils, it has also been detected at the synapse, where it has been suggested to be a source of superoxide required for long-term potentiation and memory function (Kishida et al., 2005; Serrano et al., 2003; Tejada-Simon et al., 2005) . Intriguingly, Rac is a subunit of the NADPH oxidase and has been involved in regulating the activity of this enzymatic complex (Hordijk, 2006) . It is tempting to speculate that RILPL2 might be involved in regulating the NADPH oxidase activity through Rac1. Further analysis will be required to test this hypothesis.
Materials and Methods
cDNA cloning
The generation of a GFP-tagged version of rat brain MyoVa (MyoVa-CT; aa 1005-1830) and rat MyoVb (MyoVb-CT; aa 1221-1846) has been described elsewhere (Lise et al., 2006) . Truncated versions of MyoVa corresponding to the medial (MyoVa-MT; aa 1152-1395) and globular (MyoVa-GT; aa 1396-1830) tails were obtained by PCR with specific primers and subcloned into pEGFPC1 (Clontech). GFP-tagged full-length chicken and mouse MyoVa (brain isoforms) were kindly provided by Enilza Espreafico and Michael D. Ehlers, respectively Wang et al., 2008) . Full-length mouse RILPL2 cDNA (aa 1-197) was obtained from whole brain tissue by RT-PCR using specific primers and subcloned into a N-HA-GW1 vector (Sala et al., 2001) . Truncated forms of RILPL2 (HA-RILPL2-DCT: aa 1-113; HA-RILPL2-DNT: aa were obtained by PCR amplification from full-length cDNA and subcloned into N-HA-GW1. For pull-down assays, RILPL2 was amplified by PCR with specific primers and subcloned in frame with GST into pGEX4T-1 (GE Healthcare). For RNA-interference experiments, shRNA vectors were constructed using pSUPER (OligoEngine) or a modified version of pSUPER, pSUPERneo+GFP (OligoEngine), in which a short interfering RNA and GFP are dually expressed under the H1 and the PGK promoter, respectively. To create RILPL2 shRNA-493 and shRNA-496, two complementary 60-bp oligonucleotides containing the sense and antisense sequences for 5Ј-AGAGAGAAAGACGCTATGG-3Ј (19 bp, corresponding to nucleotides 768-786 of rat RILPL2) and for 5Ј-GAGAAAGACGCTATGGTTA-3Ј (corresponding to nucleotides 771-789 of rat RILPL2), were annealed and ligated into pSUPER vector in accordance with OligoEngine's instructions. For the rescue experiments, we used a vector expressing the mouse cDNA version of RILPL2 (HA-RILPL2-res). Construction and validation of MyoVa shRNA was described elsewhere (Correia et al., 2008) . All constructs were confirmed by DNA sequencing.
Yeast two-hybrid analysis
Brain MyoVa-CT (aa 1005-1830) was subcloned into pGBKT7 (GAL4 DNA-bindingdomain vector) and used to screen an adult rat brain cDNA library subcloned into pGADT7 (GAL4 activation-domain vector) (MATCHMAKER system; Clontech, Palo Alto, CA). Three independent clones corresponding to were obtained from our screen. Full-length rat RILPL2 cDNA (aa 1-197) was isolated from whole brain tissue by RT-PCR using specific primers and subcloned into pGBKT7. For assays of specificity and binding domains, desired cDNA fragments were amplified by PCR with specific primers and subcloned into pGBKT7 and pGADT7. These fusion proteins were tested for interaction using HIS3 and lacZ as reporter genes, and induction levels were semi-quantified as previously described (Kim et al., 1995) . pGBKT7-HCN and pGADT7-p53, containing the GAL4 activation domain or GAL4 binding domain fused to p53 and HCN, respectively, were used as negative controls.
RT-PCR
RNA from E18 adult rat tissues and cultured cortical neurons was isolated using the RNeasy mini kit (Qiagen) following the manufacturer's protocol. We used 1 g of RNA for each RT reaction with oligo (dt) primers (Invitrogen). The RT reaction was followed by PCR amplification using specific primers for rat RILPL2 (forward 5Ј-ATGGAGGAGCCCCCAGTACGG-3Ј and reverse 5Ј-CGGTCAGGGAAGCA-CACCTAG-3Ј) and b-actin (forward 5Ј-AGCCATGTACGTAGCCATCC-3Ј and reverse 5Ј-TTCACCACCACAGCTGAGAG-3Ј) as a control.
In situ hybridization
In situ hybridization was conducted as previously described (de Lecea et al., 1997) , with some modifications. E18 rat brains were perfused with 4% PFA, and cryoprotected in 30% sucrose in 4% PFA. Brains were then embedded in grade IV-V bovine albumin (Fisher Scientific), cut into blocks and further cryoprotected in the sucrose/PFA solution prior to sectioning on a Leica tabletop cryostat microtome. Rat full-length RILPL2 cDNA was subcloned into pSPT-19 between EcoRI and XmaI. Probes were synthesized with the Dig-RNA labeling kit (Roche). Hybridization with 1 g/ml digoxygenin-labeled RILPL2 probes proceeded at 65°C in a solution of 50% deionized formamide, 10% dextran sulphate, 5ϫ Denhardt's solution, 0.62 M NaCl, RILPL2 regulates neuronal morphology 10 mM EDTA, 20 mM PIPES-Na, 0.2% SDS, 250 g/ml heat-denatured salmon sperm DNA and 250 g/ml heat-denatured yeast transfer RNA (tRNA).
Cell culture and transfections
Briefly, the brain regions were dissociated by papain enzymatic digestion. Cells were cultured on poly-D-lysine (Sigma)-treated coverslips at a density of 125,000-150,000 cells per coverslip (24-well pates). Cultures were maintained in neurobasal media (Gibco-Invitrogen), supplemented with B27, penicillin, streptomycin and L-glutamine as described elsewhere (Brewer et al., 1993) . COS-7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco-Invitrogen) containing 10% fetal bovine serum, penicillin and streptomycin. Transfections were performed using Lipofectamine 2000 (Gibco-Invitrogen) according to the manufacturer's protocol. For experiments in young neurons, freshly dissociated cells (DIV0) were electroporated using the AMAXA system following the manufacturer's protocol. Neurons were then plated at a density of 300,000 cells per coverslip and grown for 3 days prior to fixation and immunostaining.
Immunofluorescence
Cells were fixed at room temperature (RT) with 4% paraformaldehyde/4% sucrose for 10 minutes, then washed three times with phosphate-buffered saline (PBS) containing 0.3% Triton X-100 before and after each antibody incubation. The following primary antibodies were used (source and dilution as indicated): anti-GFP (chicken: 1:1000, AbCam; rabbit 1:1000, Synaptic Systems), anti-HA (mouse: 1:1000, Upstate Biotechnology; rat: 1:500, Roche); anti-phospho-Pak1 (Thr423)/Pak2 (Thr402) (rabbit; 1:1000, Cell Signaling); anti-Tau (mouse; 1:1000, Millipore, Clone PC1C6) and anti-MAP2 (mouse; 1:500, Millipore, Clone AP20; chicken; 1:10,000, AbCam). All antibody incubations were performed in blocking solution containing 2% normal goat serum for 1 hour at RT or overnight at 4°C. Cells were incubated for 1 hour at RT in blocking solution containing the appropriate Alexa-Fluorconjugated secondary antibody (1:1000, Invitrogen Molecular Probes). Coverslips were then mounted on slides (Frost Plus, Fisher) with Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL).
Imaging and evaluation of cellular morphology
Images were taken using a 63ϫ or 20ϫ objective affixed to a Zeiss Axiovert M200 motorized microscope using the AxioVision software. For analysis of cell morphology of COS-7 cells, an experimenter blinded to treatment conditions used the 10ϫ objective to randomly select 10-15 fields for analysis. Morphological changes were quantified in terms of the proportion of transfected cells showing at least one cellular extension that had a length at least twice the diameter of the nucleus. A minimum of 200 cells was analyzed per group from two to four independent experiments. Analysis of dendritic protrusions was preformed as previously described using the Northern Eclipse software (Empix Imaging, Mississauga, Canada) (Arstikaitis et al., 2008) . Briefly, an experimenter blinded to the treatment conditions used the RFP or GFP fluorescent signal to detect transfected cells and manually outline protrusions present on all dendritic processes in the field of view. For the shRNA experiments, pSUPERneo+GFP vector was used as a control and the GFP fluorescent signal was used to detect transfected cells. Any protrusion with a clear head greater than 0.35 m was classified as spine-like structure, whereas any thin protrusion lacking a head and with a length between 2 and 10 M was considered as filopodia. The data presented represent the average number of spine-like protrusions or filopodia per dendritic length (100 m).
For quantitative analysis of changes in Pak phosphorylation levels, cultures that were directly compared were stained simultaneously and imaged with the same acquisition parameters. Using the Northern Eclipse software, an experimenter blinded to the treatment conditions used the GFP or HA fluorescent signal to manually outline approximately 50-100 m of primary dendrites (including dendritic protrusions). In parallel, regions corresponding to areas without cells were outlined to create a background mask. For summary average gray intensities (total immunofluorescence intensity/pixel area), the average gray values of background areas were subtracted to average gray values of the outlined dendritic segments.
For quantitative analysis of morphology in young neurons, images were captured with the 20ϫ objective based on immunoreactivity against GFP. Dendrites and axons were identified based on standard morphological criteria and immunoreactivity against the axonal marker Tau or the dendritic marker MAP2. The total length of the axon and dendrites, as well as the number of primary and secondary branches, were determined manually using Neuron J 1.4.0 (Meijering et al., 2004) , a plug-in software for ImageJ (NIH). At least 50 cells were analyzed per group from two to three independent experiments.
All the experiments were repeated two to four times and analysis was performed by an experimenter blinded to the identity of the transfected constructs. Values for the different experimental groups were compared by two-tailed Student's t-test (to compare two groups) or ANOVA with Tukey B Post-Hoc (to compare ≥ three groups) with P<0.05 considered statistically significant.
Immunoprecipitation, pull-down assays and immunoblotting
For co-immunoprecipitation experiments, transfected COS-7 cells were quickly harvested and lysed in TEEN buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl) containing 1% Triton X-100, 1 mM PMSF (Sigma), and a protease inhibitor cocktail tablet (Roche). After rotation for 1 hour at 4°C, insoluble material was removed by centrifugation at ~16,000 g for 15 minutes at 4°C. Samples were then incubated for 1 hour at 4°C with 3 g anti-GFP or 3 g anti-HA polyclonal antibody (rabbit; custom made by Affinity BioReagents). After addition of 40 l protein A Sepharose 4 Fast Flow beads (GE Healthcare), samples were incubated on a rotator at 4°C for 1 hour or overnight. Immunoprecipitates were washed three times with TEEN buffer containing 0.1% Triton X-100. Samples were heated at 90-100°C in SDS-PAGE sample buffer containing 5 mM DTT for 5 minutes and analyzed by SDS-PAGE. Western blot signals were detected with the Odyssey system (Li-Cor) or ECL reagents (GE Healthcare). Co-immunoprecipitation experiments were repeated three to four times.
For pull-down assays, whole brains from adult Wistar rats were quickly removed. Brain tissue was homogenized in TEEN buffer supplemented with 10 mM ATP and 10 mM MgCl 2 , 1 mM PMSF (Sigma), 1 mM benzamidine (Sigma) and a protease inhibitor cocktail tablet (Roche). Cells were lysed by the addition of 1% Triton X-100 followed by rotation for 1 hour at 4°C. Insoluble material was removed by centrifugation at ~257,000 g for 25 minutes at 4°C. Samples were then incubated on a rotator at 4°C overnight with Sepharose 4B beads (GE Healthcare) coupled to 30 g purified GST-RILPL2 (aa 1-197) or GST. Beads were washed three times with TEEN buffer containing 0.5% Triton X-100. Sample buffer containing 5 mM DTT was added to the beads and samples were heated at 90-100°C for 5 minutes before analysis by SDS-PAGE. Membranes were blotted with anti-MyoVa [rabbit (Espreafico et al., 1998; Evans et al., 1997) ], anti-Rac11 (mouse; Cell Biolabs) and anti-GST (rabbit; custom made by Affinity Bioreagent). Pull-down experiments were repeated three to four times.
Rac1 GTPase activation assay and quantification
COS-7 cells were grown in six-well dishes until 60% confluent. A total of 1-3 g of DNA was transfected using Lipofectamine 2000 reagent (Gibco-Invitrogen) according to the manufacturer's protocol. At 2 days after transfection, cells were lysed by the addition of ice-cold 400 l MBL with protease inhibitors provided with the Rac1 assay kit (Millipore). Samples were briefly sonicated, spun down at 16,000 g and the supernatant retained. For input/loading control, 40 l was removed from the samples, and the rest of the sample was used to perform the Rac1 activation assay as previously described (Xie et al., 2007) . Quantification was performed by densitometry as previously described (Srivastava et al., 2005; Xie et al., 2007) . Intensities were averaged and a one-way ANOVA with Tukey B Post-Hoc was performed using the SPSS package (SPSS, Chicago, IL). Experiments were repeated three to four times.
